We revisit the Glauber model to study the heavy ion reaction cross sections and elastic scattering angular distributions at low and intermediate energies.
Introduction
The Glauber model [1] is a semi classical model picturing the nuclei moving in a straight line trajectory along the collision direction and describes nucleusnucleus interaction [2] in terms of nucleon-nucleon (NN) interactions. At high energies it is used to obtain total nucleus-nucleus cross section and geometric 5 properties of the collisions such as the number of participants and binary NN collisions as a function of impact parameter [see e.g. [3, 4, 5] ]. At low energies, the straight line trajectory is assumed at the Coulomb distance of closest approach between the two nuclei [6, 7] . The non eikonal nature of the trajectory is taken into account using a simple prescription given in Ref. [8] . This
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Coulomb Modified Glauber Model (CMGM) has been widely used in the literature [9, 10, 11, 12] . The work in Ref. [13] presents a systematic calculation of reaction cross section using CMGM. The Glauber model has no free parameter and thus has a variety of applications. It is used to extract the radii of unstable nuclei from measured total or reaction cross sections [14, 15, 16] . The Glauber 15 model formalism together with the measured cross section is frequently used as a tool to test various forms of relativistic mean field densities [17, 18, 19] . It is also a useful tool to study the shape deformation of nuclei [20, 21] . The Glauber approach is similar to microscopic optical model approach which is used to study various nuclear reaction mechanisms [22] . The elastic scattering data are mostly 20 interpreted in terms of optical model potential where the real part is commonly taken as double folding potential. Such formalism uses an imaginary potential with three free parameters and reproduces the diffractive patterns up to large angles as shown in the work of Ref. [23] for the elastic scattering of 16 O + 16 O at incident energies ranging from 124 to 1120 MeV. There are numerous attempts 25 to explain the elastic scattering angular distributions of light nuclei using the Glauber model [24] . To have a better agreement with the data, the NN scattering amplitude is modified to include phase variation [25] . The isospin effects in NN scattering process have small impact on the cross sections as shown in the work of Ref. [26] 
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In view of the importance and wide applicability of the model, we extend reaction cross section study of work in Ref. [13] for many more systems and collisions energies. We also calculate elastic scattering angular distributions, a study similar to the work of Ref. [28] but for many more systems. The nucleonnucleon cross sections σ nn , σ pp and σ np are the most important inputs in the 45 calculations. We present simple parametrizations for the total cross sections as well for the ratio of real to imaginary parts of the scattering amplitudes for pp and np collisions using a large set of measurements and make a comparison with those available in the literature [7, 29] . The nuclear (charge) densities obtained by electron scattering form factors measured in large momentum transfer range 50 are used in the calculations [30, 31] . For few systems we use three parameter Fermi density (3pF) in contrast to two parameter Fermi (2pF) density and Gaussian densities used in previous studies. The center of mass correction which is important for light systems has also been taken into account [32] . The reaction cross section and the elastic scattering angular distributions are obtained at 55 many energies and are compared with the data to test the reliability of the model and the input parameters for many cases of stable nuclei.
The Glauber Model
The Glauber model gives the probability for occurrence of a nucleon-nucleon collision when the nuclei A and B collide at an impact parameter b relative to each other which is determined to be [3, 4] T
Here, ρ The total reaction cross section σ R can be written as
The scattering matrix S l or S(b) where bk = (l + 1/2) is given by
The Glauber phase shift χ(b) can be written as
Here,ᾱ N N is the ratio of real to imaginary part of NN scattering amplitude which does not appear in the calculations of reaction cross section but is important for elastic scattering angular distribution.
In momentum space, T (b) is derived as [13] 70
Here, S A (q) and S B (−q) are the Fourier transforms of the nuclear densities and 
Thus,
Here, r 0 is the range parameter and has a weak dependence on energy (see for discussions [10] ). For the present work, we use r 0 = 0.6 fm, which is guided by the previous studies in the same energy region from Refs. [13, 7] .
In the presence of Coulomb field, the non eikonal trajectory around the [8] where r c and the factor C are given by
Here, η = Z P Z T e 2 /hv is the dimensionless Sommerfield parameter. In the Coulomb Modified Glauber Model (CMGM) the Eq. 3 is modified as
Elastic Scattering Cross Section
The nucleus-nucleus differential elastic cross section as a function of center of mass angle θ is given by
where f (θ) is the sum of Coulomb and nuclear scattering amplitudes.
For identical systems, the LHS of Eq. 10 is replaced by
Coulomb scattering amplitude is given by
where
and the nuclear scattering amplitude is
Here,
) and σ 0 can be assumed to be 0. The nuclear scattering amplitude can be written as
The Nuclear Densities
The nuclear densities of the two nuclei are the most important inputs in the model. We can calculate the Fourier transform for any given density form ρ(r)
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to be used in Eq. (4) as follows
Here, j 0 (qr) is the spherical Bessel function of order zero. center of mass motion [13] . For heavier nuclei such as 28 Si, 90 Zr and 208 Pb we use two parameter Fermi (2pF) density. We also use the three parameter Fermi (3pF) density for nuclei such as 40 Ca for which 2pF density is not given for wide q-range of measured form factor. The mean radius, c for 90 Zr has been calculated using the formula given in Ref. [13] .
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The MHO density form is given by
The 2pF density is given by
and the 3pF density is given by
The parameters for different nuclei used in the present work are given in Table 1 .
NN scattering parameters
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The average NN scattering parameterσ N N is obtained in terms of pp cross section σ pp and np cross section σ np averaged over proton numbers (Z P , Z T ) and neutron numbers (N P , N T ) of projectile and target respectively as
The parametrized forms of σ pp and σ np are available in literature [7, 29] . The cross section σ pp is assumed to be the same as σ pp . We obtain new parametriza-115 tion using the data from Particle Data Group [33] which are given in terms of proton lab kinetic energy E as follows
The errors on the parameters in Eqs. (20) and (21) are 1-3 %. Figure 1 shows the NN cross section data [33] as a function of lab kinetic energy fitted with the functions given by Eqs. (20) and (21) along with the fits given in ref-
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erences [7, 29] . The data/fit graphs are shown for the present parametrizations.
The Charagi-Gupta parametrization for σ pp is good upto 50 MeV and that for σ np is good above 10 MeV. The Bertulani-Conti parametrization of σ pp differs with our parametrizations in the proton energy range 120-300 MeV and their parametrization of σ np cannot be extrapolated below 8 MeV.
125
The averageᾱ N N is also calculated using α pp , α nn and α np as follows
The parametrizations for quantities α pp and α np as a function of lab kinetic energy are obtained using the data of phase shift analysis given in Ref. [34] (20) and (21) along with the fits which are given in references [7, 29] .
which is in accordance with the experimental data. It is assumed that α nn = α pp . The present parametrizations are obtained for proton lab energy E between 130 7 to 260 MeV given as and
where a n = −0.3695, b n = 3.211 × 10 −2 , c n = −2.117 × 10 −4 and d n = 3.672 × 10 −7 . The errors on these parameters are 7-10 %.
135 Figure 2 shows the ratio of real to imaginary part of NN scattering amplitude as a function of lab kinetic energy from phase shift analysis of Ref. [34] fitted with the functions given by Eqs. (23) and (24) along with the fit which was given in Ref. [7] . The earlier parametrization [7] for α pp and α np were good below 60 MeV. (23) and (24) along with the fit which was given in Ref. [7] .
Results and discussions
We calculate σ R as a function of lab kinetic energy per nucleon E/A and The model describes the measured elastic scattering angular distributions having diffractive oscillations but the oscillation magnitude in the data is more pronounced as compared to the oscillations observed in the data specially at higher energies and higher angles i.e. at the higher momentum transfer. For 245 heavy ion systems, the parameterᾱ N N does not follow the same energy dependence shown by NN scattering and approaches towards one for all the systems.
